We evaluated macular ganglion cell asymmetry as a tool for diagnosing paracentral scotoma (PCS) in early glaucoma. Patients and methods: This prospective study compared 58 patients with early glaucoma and PCS to 58 age-matched control individuals. All glaucomatous eyes had scotoma within the central 12 degrees of fixation and confined to one hemifield. We measured circumpapillary retinal nerve fiber layer (cpRNFL) thickness, macular ganglion cell-inner plexiform layer (GCIPL) thickness, and optic nerve head (ONH) parameters with Cirrus spectral domain optical coherence tomography. Macular ganglion cell asymmetry was expressed as the absolute differences and the ratios between the inferior and superior hemispheres, inferotemporal (IT) and superotemporal (ST) areas, IT and superonasal (SN) areas, IT and inferonasal (IN) areas, and ST and IN areas. The asymmetry index was the absolute log 10 of the ratio. The area under the receiver operating characteristics curve (AUROC) and partial AUROC (pAUROC, specificities $90%) were analyzed for each parameter. Results: All GCIPL parameters and most cpRNFL parameters were significantly lower in early glaucoma than in controls. The best discriminating parameters were inferior RNFL thickness, average RNFL thickness, and minimum GCIPL thickness. The macular ganglion cell asymmetry parameters with the largest AUROCs were the log IT/ST index, the absolute difference in IT−ST GCIPL thicknesses, and the log IT/SN index. Performance was comparable between the log IT/ST index and the cpRNFL (inferior RNFL thickness, P=0.129), GCIPL (minimum GCIPL thickness, P=0.358), and ONH parameters (vertical cup-to-disc ratio, P=0.475).
Introduction
Glaucoma is characterized by the progressive death of retinal ganglion cells (RGCs), loss of RGC axons, and corresponding visual field (VF) defects. Glaucomatous eyes with paracentral scotoma (PCS) carry the highest risk of visual acuity loss. The introduction of spectral domain optical coherence tomography (OCT) has allowed reproducible, successful segmentation of the inner macular layers. Several studies have shown thinning of the inner retina or RGC complex within the macular area in early glaucoma. [1] [2] [3] The abnormally thinned macular area typically defined on OCT significance maps may be a useful predictor of the presence of PCS. 4, 5 In eyes with early glaucoma, OCT studies have revealed a step-like arcuate defect of the temporal macular ganglion cell-inner plexiform layer (GCIPL) map. 6 This defect was explained by the vertical asymmetry in the GCIPL thickness distribution between the superior and inferior hemispheres, which could be detected with spectralis posterior pole asymmetry analyses [7] [8] [9] [10] or customized software available with the Cirrus OCT. 11, 12 However, localized thinning of the ganglion cell layer might be detected less frequently with hemispherebased measurements, compared with sector-based analysis, in eyes with PCS. In this study, we evaluated the diagnostic values of the absolute difference, asymmetry ratio, and asymmetry index between six parafoveal macular scans. We compared analyses of asymmetry in the GCIPL thicknesses with traditional analyses of circumpapillary retinal nerve fiber layer (cpRNFL), GCIPL, and optic nerve head (ONH) parameters for accuracy in the diagnosis of patients with early glaucoma and PCS.
Patients and methods
We recruited patients with early glaucoma and PCS who visited the outpatient clinic of Taipei Veterans General Hospital between July 2014 and December 2015. We also enrolled age-matched control subjects by recruiting healthy volunteers who came for a routine eye examination. The study protocol was approved by the Institutional Review Board of our hospital. The study design was in accordance with the Declaration of Helsinki. Written informed consent was obtained from all subjects.
Early glaucoma was defined as eyes with RNFL defects that corresponded to glaucomatous optic disc changes and a mean deviation of VF defect of $-6.0 dB. A RNFL defect was defined as a dark, wedge-shaped area, with an apex touching the optic disc border in the brightly striated pattern of the surrounding RNFL 13 or a generalized loss of RNFL visibility in the retina.
14 Glaucomatous optic disc changes were defined as follows: a .0.7 vertical cup-to-disc ratio (C/D); a .0.2 asymmetric C/D between the glaucomatous and normal eyes; and neuroretinal rim thinning, notching, or excavation on color disc photography. All images were evaluated by three glaucoma specialists (M-JC, Y-CK, and CJ-LL), who were blinded to the clinical evaluation results. A glaucomatous VF was defined as three contiguous, non-edge points within the same hemifield, which showed a pattern standard deviation (PSD) P-value ,0.05, and with at least one point with a P-value ,0.01, evaluated with two reliable VF tests, or classified as outside the normal limits with a glaucoma hemifield test. 15 A reliable VF test was defined as having a fixation loss rate ,20%, a false positive rate ,33%, and a false negative rate ,33%. A diagnosis of early glaucoma was based on a VF mean deviation $-6 dB. 16 All glaucomatous eyes had scotoma confined to one hemifield. PCS was defined as a scotoma within the central 12 degrees of fixation, with at least one point with a P-value ,0.01 within the central 6 degrees of fixation on the PSD plot. 17 All subjects underwent a comprehensive ophthalmic examination, which included a best corrected visual acuity assessment, automated refraction and keratometry, Goldmann applanation tonometry, slit-lamp examination, gonioscopy, dilated fundus exam, red-free fundus photography, and automated VF examination (Humphrey 24-2 SITA standard algorithm). Axial length was measured with an IOLMaster (Carl Zeiss Meditec AG, Jena, Germany), and central corneal thickness was determined with a DGH 55 Pachmate (DGH Technology, Exton, PA, USA). For study enrollment, subjects had to meet the following criteria: age $20 years, best corrected visual acuity $20/40, open angle structure upon gonioscopic examination, and astigmatism #3 D. Control subjects were required to have a normal anterior segment on slit-lamp examination, no glaucomatous changes of the ONH, and normal VF. Eyes were excluded when they showed retinal or neurologic diseases; ocular inflammation; prior ocular surgery within 3 months; prior refractive surgery; or concurrent disease that could interfere with intraocular pressure (IOP) measurements or OCT imaging or that could cause VF defects.
Cirrus HD-OCT (Carl Zeiss Meditec, Dublin, CA, USA) was performed after pupillary dilation. All the scans were performed by a qualified technician blinded to the diagnosis of all subjects. The Cirrus HD-OCT Optic Disc Cube 200×200 protocol was used to measure the ONH rim area, disc area, average C/D, vertical C/D, cup volume, average cpRNFL thickness, and the cpRNFL thicknesses in quadrants and in 12 clock-hour sectors. The Macular Cube 200×200 protocol was used to calculate the average, minimum, and regional GCIPL thicknesses in six wedge-shaped sectors ( Figure 1 ). GCIPL thickness in the superior hemisphere (S) was calculated as the sum of superonasal (SN), superior, and superotemporal (ST) thicknesses. GCIPL thickness in the inferior hemisphere (I) was calculated as the sum of inferonasal (IN), inferior, and inferotemporal (IT) thicknesses. We compared the differences between hemispheres (I-S), and between sectors (IT-ST, IT-SN, IT-IN, and ST-IN). Macular ganglion cell asymmetry was expressed as the absolute difference (eg, I-S) and as the ratio (eg, I/S) between thicknesses of the designated areas. Also, an asymmetry index was calculated as the absolute value of the log 10 of the ratio (eg, log 10 I/S). Images were excluded when they exhibited signal strengths ,7, motion artifacts, poor centration, 
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Macular ganglion cell asymmetry in early glaucoma segmentation errors, artifacts caused by ocular pathology, or missing data on the peripapillary region. There was a time interval of ,3 months between the HD-OCT and the other ophthalmic examinations (eg, VF).
For each subject, one eye was randomly chosen when both eyes were eligible. Statistical analyses were performed with SPSS version 12.0 (SPSS Inc., Chicago, IL, USA) and STATA version 12.1 (Stata Corp LP, College Station, TX, USA). For continuous variables, the normality of data distributions was verified with the Shapiro-Wilk test. We employed the Student's t-test for normally distributed data, and the Mann-Whitney U-test for non-normally distributed data to analyze differences between early glaucoma and normal groups. The sex ratios were compared with the chisquared test. To evaluate each parameter for the ability to discriminate between early glaucoma and normal eyes, we calculated the area under the receiver operating characteristic curve (AUROC) and the partial AUROC (pAUROC), with specificities $90% and 95%. The diagnostic performances quantified with AUROC and pAUROC values were compared with the methods from DeLong et al. 18 P-values ,0.05 were considered statistically significant.
Results
This study included 58 eyes with early glaucoma and PCS and 58 age-matched normal control eyes. There were 30 eyes with primary open angle glaucoma and 28 eyes with normal tension glaucoma. Fifty-five eyes (95%) were treated with antiglaucoma drugs, while three eyes (5%) were not treated with drugs. Twenty-five (46%) eyes used one drug, 16 (29%) used two drugs, 11 (20%) used three drugs, and three (5%) used four drugs. For eyes treated with one drug, seven eyes (28%) used beta blockers, three eyes (12%) used alpha two agonists, one eye (4%) used carbonic anhydrase inhibitors, and 14 eyes (56%) used prostaglandins. For eyes treated with two drugs, beta blockers and prostaglandins were the most common combination of 11 (69%) eyes. Table 1 shows the demographic and clinical characteristics of the subjects. There were no significant between-group differences in age, spherical equivalence, axial length, central corneal thickness, or IOP. There were significant differences in the VF mean deviation between the groups.
All GCIPL thicknesses and most cpRNFL thicknesses (except at the nasal quadrant) measured with HD-OCT were significantly lower in early glaucoma than in normal eyes (P,0.001; Table 2 ). PCS eyes had significantly larger disc areas, average C/Ds, vertical C/Ds, and cup volumes and significantly smaller rim areas compared with normal controls. PCS eyes also had significantly greater absolute differences in GCIPLs and asymmetry indices compared with controls. The GCIPL asymmetry ratios were significantly different between glaucomatous eyes with PCS and normal eyes, with the exception of the ST/IN ratio. Table 3 shows the AUROC and pAUROC values for all the thickness parameters and asymmetry parameters. The inferior RNFL thickness had the largest AUROC value (0.934), followed by average RNFL thickness (0.914), minimum GCIPL thickness (0.911), 
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Based on the pAUROCs $90% and 95% specificities, the diagnostic performance of the best measure of all GCIPL asymmetry analyses was comparable to that of the best of the traditional parameters (all P.0.05).
Discussion
Glaucomatous eyes with PCS are at higher risk of losing central vision compared to eyes with peripheral scotoma. In addition to an automated VF examination, a subjective alternative is necessary for an accurate evaluation of paracentral glaucomatous damage. Measurements of macular structure with OCT may be an effective and time-saving method for detecting the presence of PCS in glaucoma. In the present study, we found that the best discriminating parameters were the inferior RNFL thickness, followed by the average RNFL thickness, minimum GCIPL thickness, vertical C/D, IT GCIPL thickness, and IT/ST asymmetry index, in early glaucoma with PCS. To differentiate early glaucoma from controls, the GCIPL parameters showed diagnostic capabilities similar to those of the RNFL and ONH parameters, consistent with findings from previous studies. 3, 6, 19 With OCT, the RGC damage in the macula is as detectable as the Abbreviations: AUROC, area under the receiver operating characteristic curves; C/D, cup-to-disc ratio; cpRNFL, circumferential peripapillary retinal nerve fiber layer; gCiPl, ganglion cell-inner plexiform layer; i, inferior hemisphere; in, inferonasal; iT, inferotemporal; n/a, nonapplicable; Onh, optic nerve head; paUrOC, partial area under the receiver operating characteristic curves; s, superior hemisphere; se, standard error; sn, superonasal; sT, superotemporal.
submit your manuscript | www.dovepress.com
Dovepress

2258
Yang et al RNFL damage in the classic arcuate regions. 20 The diagnostic ability of GCIPL parameters increased significantly, when the RNFL defects were closer to the fovea. 21 This feature was more evident in eyes with PCS than in eyes with peripheral scotoma. 22 The number of abnormal macular sectors might serve as an effective predictor of central involvement in VF defects in early glaucoma. 5 However, given the fact that the OCT data were compared with the built-in normal database, the abnormal, thinned macular area defined on the color-coded significance map might be incorrect (eg, in myopic eyes). It might be more appropriate to compare the sector-based, real thickness values to evaluate the asymmetric GCIPL distribution in early glaucoma.
Glaucoma frequently starts as a localized thinning of the ganglion cell layer. Many studies have demonstrated that asymmetry between superior and inferior macular 
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Macular ganglion cell asymmetry in early glaucoma thicknesses could identify early glaucoma equally or better than the cpRNFL. [7] [8] [9] [10] Yamada et al 23 first proposed an asymmetry index of the log 10 (lower hemifield thickness/ upper hemifield thickness) and showed good diagnostic performance compared with the full thickness or the inner retinal layer thicknesses, for detecting early glaucoma. Similarly, Hwang et al, 24 Sharifipour et al, 12 and Park et al 25 demonstrated that an asymmetry analysis of macular GCIPL thickness was comparable to the sectoral GCIPL thickness for detecting early glaucoma. However, a localized thinning of the ganglion cell layer might be undetected by averaging the GCIPL thicknesses in the designated hemispheric area and the counterpart area. It may be necessary to compare the real GCIPL thicknesses of each parafoveal sector. In the present study, to detect early RGC loss across the horizontal raphe, we expressed asymmetric GCIPL distributions as the absolute difference, the ratio, and the log 10 asymmetry index between six parafoveal sections. Our study showed that most GCIPL asymmetry analyses (except the asymmetry ratio) were comparable in diagnostic ability to the traditional cpRNFL thickness, GCIPL thickness, and ONH parameters. We also found that the IT/ST GCIPL asymmetry index was the best asymmetry parameter for discriminating between early glaucoma with PCS and normal control eyes. Topographically, GCIPL thinning occurred in the inferior and temporal portions of the macula in patients with early glaucoma. 26 The IT GCIPL was shown to be the most diagnostically sensitive sector. 27 In the macula, histological studies have also shown that the temporal and inferior sectors had fewer ganglion cells than the superior and nasal sectors. 28 The IT/ST asymmetric distribution correlated well with a demarcation line at the temporal macula on OCT images. Therefore, the IT/ST asymmetry index might be a valuable parameter for diagnosing glaucoma with PCS.
In the present study, we used the absolute difference, the asymmetry ratio, and the calculated log 10 asymmetry index to evaluate the asymmetric GCIPL distribution. Due to the different natures of these asymmetry analyses, the results might be expected to vary among the different methods. Furthermore, the log 10 asymmetry index amplifies the relative amount of change, due to the logarithmic transformation, and it previously demonstrated good diagnostic performance for detecting early glaucoma. 17, 18 With an approach similar to that used in our study, Sharifipour et al 12 observed that the simple difference between superior and inferior macular thicknesses showed worse diagnostic performance compared with the asymmetry index for detecting early glaucoma. The log 10 asymmetry index appeared to be the best among the various methods of asymmetry explored; thus, it could be considered as a new indicator of early glaucoma with paracentral VF defects.
The present study had several limitations. First, the sample size was relatively small. Second, all study subjects were of Chinese ethnicity, and thus, the results might not be generalizable to patients of other ethnicities. Third, the 10-2 program for VF testing (two degrees between test points) was more appropriate for detecting PCS compared with the 24-2 program (six degrees between test points). However, we chose the 24-2 program, because it was routinely implemented for all patients with glaucoma. Consequently, the glaucomatous eyes that we enrolled might have had relatively high damage in the central/paracentral macula, which may have led to overestimations of the diagnostic abilities of GCIPL parameters. Fourth, comparison should have been made with patients with early glaucoma without PCS and/or early glaucoma with peripheral scotoma only as well. The current conclusions are valid only when compared with healthy eyes, so the results might not be generalizable to all patients with early glaucoma. Fifth, this is a crosssectional study. A longitudinal study is required to assess the potential role of this index to detect structural changes in diagnosing glaucoma. Finally, we did not conduct the reproducibility test or consider the influence of test-retest variability on the asymmetry analysis. The performance of the HD-OCT software algorithm might have influenced the results. Despite these limitations, our results are relevant to clinical practice, with regard to discriminating between PCS and normal eyes. Compared with previous methods that used exported raw images of the macular GCIPL layers and segmentation with custom software, 11,12 our method did not require any special software, and the parameters were readily calculated. Thus, GCIPL asymmetry measurements appeared to be useful for the detection of glaucoma with PCS.
Conclusion
Our results suggested that the log 10 asymmetry index was comparable to the cpRNFL, GCIPL, and ONH analyses, for detecting glaucoma with PCS. The IT/ST asymmetry index performed best among all the asymmetry analyses tested. These findings suggest that the IT/ST asymmetry index have promise as an ancillary diagnostic tool and might serve as a new parameter for detecting structural changes in the clinical practice. Further large-scale and longitudinal studies are warranted to evaluate the exact potential of this index in diagnosing glaucomatous damage in eyes with paracentral VF defects. 
